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Abstract: We propose to utilize the transverse mass variable MT2 and it’s descendant
M2Cons for constraining the CP admixture of the tau lepton Yukawa coupling at the LHC.
We have considered the tau lepton pair produced from the Higgs boson with each tau decays to
a charged pion and a neutrino, τ± → pi±ντ . Recently, for this channel, the LHC has employed
the impact parameter method to measure the CP mixing angle of tau lepton Yukawa coupling
with large uncertainty. The observables we propose here can be measured in the lab frame
without the impact parameter measurement and in turn, give a complementary probe of
the CP admixture of tau lepton Yukawa. The CP mixing angle, with our method, can be
constrained up to 17◦ (7◦) with 300 (3000) fb−1 of integrated luminosity at the 14 LHC.
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1 Introduction
Looking for hints of new physics beyond the Standard Model (SM) at the Large Hadron
Collider (LHC) is of utmost importance after the phenomenal discovery of the Higgs boson
by the CMS[1] and the ATLAS[2] collaborations. Measurement of the properties of the Higgs
boson is an ideal place to expect new physics, if at all present, at the LHC. Many extensions
of the SM modify the couplings of the SM Higgs to the gauge bosons and fermions. The
CP conserving nature of the Higgs sector demands that the neutral mass eigenstates should
have definite CP transformation property. Hence, measurement of the couplings of the Higgs
boson to the gauge bosons and the fermions plays a key role in constraining CP violation
which essentially demands new physics. With the current measurement at the LHC, the spin,
parity and the couplings of the observed Higgs to gauge bosons and fermions[3–8] indicate
that it is the one predicted by the SM. However, it is yet to exclude with high probability
that it has a pseudoscalar admixture, in fact, the current data allows plenty of room for a
pseudoscalar component[9]. In this regard studying the properties of Higgs boson to third
generation fermions of the SM plays a crucial role because of the larger Yukawa coupling.
Here we focus on the tau lepton Yukawa coupling measurements at the LHC. Several
angular observables[10–43] have been proposed already in the literature to measure the CP-
even and CP-odd mixing angle of the tau lepton Yukawa coupling. However, most of them
are defined in the CM frame of the Higgs boson or tau lepton rest frame which is extremely
challenging to reconstruct. This is mainly because there are two (at least) neutrinos in the
final state which escape detection and, in addition, the center of mass energy of collision
between the partons at the LHC is unknown. To circumvent these difficulties additional
independent measurements are required. Fortunately, the tau lepton has finite decay length
which renders measurable impact parameter at the LHC which can then be used for con-
structing CP observables[33, 44] in the charged particles CM frame (same as tau lepton pair
CM frame). The measured impact parameter can also be utilized to reconstruct tau lepton
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momenta[45, 46] which can be used to define the CP sensitive observables in the CM frame
of tau lepton pair.
Recently, the CMS collaboration[9] has measured the coupling of the Higgs to tau lepton
pair with the center of mass energy of 13 TeV for 137 fb−1 of integrated luminosity. They
have considered one of the two taus decays to muon with the other decays hadronically and
also considered both the tau decay hadronically which accounts for 50% branching fraction
of total Higgs to tau lepton pair. The decay planes of tau leptons produced from the Higgs
exhibit angular correlations which is utilized to put alimit on the CP-odd component of the
tau Yukawa coupling. The impact parameter vector is utilized as an additional measurement
when the tau decay product involves a single charged particle in the final state to define
the decay plane while the accompanying neutral pion is used otherwise. With this, the
mixing angle between CP-even and CP-odd component is constrained to be 4◦ ± 17◦ with
large uncertainty of ±36◦ at 95% confidence level. Among all the above tau decay channels
they considered, the most sensitive channel is the one where, at least, one of the two taus
decays hadronically via ρ meson. The process with each tau decays to a single charged hadron
(muon) and a neutrino(s) is comparatively less sensitive because the impact parameter vector
has relatively large uncertainties in CMS.
In this article we focus on the tau lepton pair produced from the Higgs boson with
each tau decays to a single charged pion and a neutrino, τ± → pi±ντ , and propose a lab
frame observable to constrain the CP admixture of the tau Yukawa coupling. We advocate
to utilize the transverse mass variable, MT2[47–64], which efficiently minimizes the neutrino
momenta satisfying the missing transverse energy constraints and predicts the tau lepton
mass. The kinematic variable MT2 shows singular behavior[65–68] which is endpoint in its
distribution and it is at the tau lepton mass. This variable not only predicts the mass but
alsomeasures the CP mixing angle of tau lepton Yukawa coupling. We discuss this variable
briefly in the following sections. We then analyze the effect of parton showering on MT2
to realize that the CP sensitivity of it reduces significantly. The transverse boost resulting
from the parton showering is held responsible for this because MT2 is not, in general, a boost
invariant quantity though it remains invariant under longitudinal boost. Fortunately, the
(1+3)−dimensional generalization of MT2, the constrained mass variable M2Cons[69, 70], is
turned out to be extremely useful here because it remains invariant under both the transverse
and longitudinal boost owing to its construction in (1+3)−dimension. We discuss this variable
briefly in the following sections and construct asymmetry for the constrained mass variable
M2Cons to measure the CP-even and CP-odd mixing angle.
As mentioned above we have considered the process pp → H → τ+τ− → pi+pi−ν¯τντ at
the LHC. The lagrangion in terms of CP-even and CP-odd mixing angle of tau lepton Yukawa
coupling which serves our purpose is,
L ⊃ −mτ
v
Hτ¯(cos θτ + iγ5 sin θτ )τ, (1.1)
where mτ is the tau lepton mass and v is the vacuum expectation value which has a value of
246 GeV. The CP mixing angle of tau Yukawa coupling is denoted by θτ .
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The rest of the paper is organized as follows, in section 2 we briefly discuss the transverse
mass MT2 and its (1+3)−dimensional generalization, the constrained mass variable M2Cons.
In section 3 the shape of both the variables MT2 and M2Cons are discussed including the
impact of transverse recoil from parton showering on these variables. Section 4 discuss the
sensitivity of the variable to constrain the CP mixing angle of the tau lepton Yukawa coupling
and followed by summary and conclusion in section 5.
2 Stransverse mass variable and its 3D generalization
The transverse mass variable, MT2 is a widely used kinematic observable both in phenomeno-
logical and experimental studies in events associated with missing transverse energy. Al-
though it was initially proposed for the determination of the mass of parent and/or daughter
particles, later on, it was realized that MT2 can play an extremely important role in exclud-
ing/discovering new physics at the collider experiments. Moreover, MT2 can also be used for
measuring the properties like spin and reconstructing invisible particle momentum, etc. of
the new physics after its discovery. In this section, we briefly discuss MT2 and the variable
M2Cons which is a 3-dimensional generalization of MT2 with available kinematic constraints
in each event. The transverse mass variable MT2 is defined as the maximum transverse
mass between pair of the parents following a minimization with respect to invisible momenta
satisfying the missing transverse momentum constraints,
MT2 ≡ min
~qiT
{∑ ~qiT=6~PT }
[
max
i=1,2
{M (i)T (piT , qiT ,mvis(i);mντ )}
]
. (2.1)
Where the definition of the transverse mass for each parent is,
(M
(i)
T )
2 = m2vis(i) +m
2
ντ + 2(E
vis(i)
T E
inv(i)
T − ~piT .~qiT ) (2.2)
E
vis(i)
T =
√
m2vis(i) + p
2
iT , E
inv(i)
T =
√
m2ντ + q
2
iT . (2.3)
The E
vis(i)
T and E
inv(i)
T are the transverse energy of the visible and invisible particles
respectively. And the quantities ~piT and ~qiT are the transverse momenta of the visible and
invisible particles respectively. We note here that in this article the visible and invisible
particle corresponds to the charged pion and the tau neutrino produced from tau lepton
decay. The masses of pions and neutrinos are denoted as mvis(i) and mντ . By construction,
the variable MT2 is bounded by the parent mass for the correct invisible particle mass. In this
analysis the invisible particle is the neutrino, so we can neglect its mass, so MT2 is bounded
from above by the mass of tau-lepton, mτ .
Clearly, the transverse mass variable MT2, as shown in eqn. 2.1, is not utilizing the
available longitudinal momentum of the visible particles. The longitudinal component also
carries important information and any variable which involves these including the transverse
component might gain some advantage compared to the MT2. For example, the inclusion of
the longitudinal component information enables one to make use of the mass-shell constraints,
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Figure 1. The distribution of the dimensionless quantity XAT is displayed. The red colored histogram
is for the CP phase θτ = 0 while the histogram in blue color is for θτ = pi/4.
if available, which are (1+3)-dimensional. Hence, a (1+3)-dimensional generalization of MT2
is defined and dubbed as M2 with all the above mentioned capabilities and the details can
be found in [71–74]. In this paper, we discuss a (1 + 3)-dimensional mass variables with the
Higgs mass-shell constraint including the missing transverse momentum constraints which
was originally proposed in [69] and defined as,
M2Cons ≡ min
~q1,~q2{
~q1T+~q2T=6~PT
(p1+p2+q1+q2)2=m2H
}
[
max
i=1,2
{M (i)(pi, qi,mvis(i);mντ )}
]
, (2.4)
where (M (i))2 = m2vis(i) + m
2
ντ + 2(E
vis(i)Einv(i) − ~pi.~qi). The quantities {Evis(i), ~pi} and
{Einv(i), ~qi} are the visible and invisible particles four momenta respectively. mH is the mass
of the Higgs boson and is used as a constraint. The variable M2Cons inherits all the properties
of the MT2 like bounded from above by the parent mass, mτ . In addition, it predicts a higher
value compared to MT2 event by event and there by increasing the number of events at the
end-point. More intrestingly, it can measure both the parent and daughter mass, for a process
with massive daughter, simultaneously unlike MT2 which gives a relation between them in the
absence of extra transverse momentum. Moreover, M2Cons also predicts a better momentum
approximation of the invisible particles.
3 Analysing shape of the MT2 and M2Cons
Before we discuss the shape of the MT2, we briefly mention the analytical formula of the
transverse mass variable. As discussed in the introduction we consider the one prong decay
of tau-lepton with only a single visible particle, charged pion, and a neutrino. So the analytical
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formula is driven by a balanced momentum configuration known as balanced solution [52] as,
MT2 =
1√
2
(
√
AT +m2pi +
√
AT −m2pi). (3.1)
With
AT = E
v1
T E
v2
T + |~p1T ||~p2T | cosα, (3.2)
where α is the angle between the charged pions in the transverse direction and mpi is pion
mass. In eqn. 3.1 and in the rest of the paper, we have assumed the mass of tau neutrino
is zero. It is clear from eqn. 3.2 that the shape of the transverse mass variable, MT2, is
governed by the orientation of the charged pions in the transverse direction. For example,
the minimum of the MT2 is the pion mass and it occurs when the two pions are back to
back in the transverse direction. Since both the tau-leptons from Higgs are highly boosted,
the charged pions travel mostly along the tau direction as a result the pions are widely
separated. Hence, the maximum of MT2 occurs when two pions are slightly away from the
back to back momentum configuration. Interestingly, the orientation of the charged pions
in the transverse direction is sensitive to the CP phase of the tau lepton Yukawa coupling
as evident in fig. 1. Where we have displayed the distribution of a dimensionless quantity
XAT =
AT
m2τ
. The red colored histogram is for the CP phase θτ = 0 and the blue colored one
is for the CP phase θτ = pi/4 respectively. Moreover, there are relatively more events in back
to back charged pions for θτ = 0 compared to θτ = pi/4 which is undoubtedly visible from
the distribution. Hence, the major source of the CP phase in the transverse mass variable
MT2 is the orientation of the charged pions in the transverse direction.
Similarly, we define another two dimensionless ratio for the transverse mass variable MT2
and for the variable M2Cons as,
Xβ =
β
mτ
, (3.3)
with β = {MT2,M2Cons}. Since both the variables MT2 and M2Cons are bounded by the
tau-lepton mass, the dimension less quantity Xβ varies between 0 and 1. The distribution
for the variables MT2 (left panel) and M2Cons (right panel) are displayed in fig. 2 with blue
colored histograms correspond to θτ = 0 while the red colored histogram is for the CP phase
θτ = pi/4 case. As discussed earlier, the variable MT2 incorporates the CP phase information
in its shape which clearly visible from the figure. Hence, the shape of MT2 can be used to
constrain the CP phase which will be discussed in section 4. Since M2Cons is the 3-dimensional
generalization of MT2 with the advantages of utilizing the Higgs mass shell constraint, the
number of events towards the endpoint increases compared to earlier observable which in turn
result in improved mass measurement. Moreover, M2Cons provides a better approximation
for the invisible particles, neutrinos, momentum compared to MT2, details about this variable
can be found in [69]. The CP sensitivity of M2Cons is similar to MT2 which is evident from
the right panel fig. 2.
Since the transverse mass variable MT2 as shown in eqn. 2.1 involves only the transverse
momenta, it is not in general transverse boost invariant [75] though it is longitudinal boost
invariant. In addition, these observables are expected to be measured at the LHC where
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Figure 2. Normalized distribution for the quantity XMT2 is delineated in the left panel while the
right panel portrays XM2Cons . For both the panel the blue colored histograms represent the CP phase
θτ = 0 case and the red distributions correspond to θτ = pi/4. Undoubtedly both the observables
distinguish the θτ = 0 case from θτ = pi/4 quite well.
additional jets maybe there which might come from parton showering and/or additional jets
produced at the matrix element. Although these extra jets resulting from parton showering
are very helpful in mass measurement by displaying a kink [51–54] in MT2 endpoint, but will
change the orientation of the charged pions and hence the shape of the MT2 is affected sig-
nificantly. Here the mass bound variable M2Cons comes as a cure owing to its dimensionality,
it is not only longitudinal boost invariant but also transverse boost invariant which makes it
immune to the effects of parton showering and additional jet effects. These effects are dis-
played in fig. 3 with the variable MT2 distribution in the left panel while the distribution of
M2Cons on the right panel. Undoubtedly the shape the variable MT2 is changed significantly
because of the transverse boost coming from the parton showering. But the variable M2Cons,
as expected, is transverse boost invariant as a result its distribution remains unaffected after
parton showering.
These kinematic variables are calculated using the package1 Optimass[77] and also verified
by independent codes written in Mathematica. We have simulated parton level events using
Madgraph5[78] with model file from Higgs Characterisation model[79] written in Feynrules[80].
After the parton level events, the showering is performed using Pythia8[81]. We have per-
formed analysis that accounts for a detailed detector level analysis for observables discussed
here in a companion paper[82].
4 Results and Discussion
Here we discuss the sensitivity of the variable M2Cons to constrain the CP phase. Since the
variable MT2 is not remaining much sensitive to the CP phase after parton showering, we
1Recently, another interesting library for calculating constrained mass variables known as YAM2 [76] is
developed which can also be used for obtaining kinematic variables utilized here.
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Figure 3. Effect of additional boost resulting from the parton showering on the variable MT2 and
M2Cons is displayed. The normlized distribution for XMT2 (left panel) and for XM2Cons (right panel)
is portrayed with blue colored histogram corresponds to the SM case, θτ = 0, and the red colored
distribution is for θτ = pi/4. Evidently the shape of the MT2 is modified significantly because of
the transverse boost resulting from the parton showering. However, the variable M2Cons is not much
affected.
refrain ourselves to give its sensitivity plot. We have constructed asymmetry corresponding
to the quantity XM2Cons which is defined as,
AM2Cons =
N (XM2Cons > 0.5)−N (XM2Cons < 0.5)
N (XM2Cons > 0.5) +N (XM2Cons < 0.5)
, (4.1)
where N is the number of events. The sensitivity is judged based on the variation of asym-
metry with respect to the CP phase θτ . Here we have only included the parton shower
effects and have not considered the hadronization, detector effects, and also the backgrounds.
Those effects on M2Cons are analyzed in a companion paper[82]. The statistical uncertainty
corresponding to AM2Cons is given by,
∆A =
√
1− (ASMM2Cons)2√
σSM  L
, (4.2)
where the L is the integrated luminosity. To get a reliable estimate of the sensitivity we have
included an efficiency factor for detecting di−tau events in the realistic LHC environment
and also after the elimination of backgrounds. In eqn. 4.2  corresponds to this efficiency
for both the tau-lepton which is 0.302. Here we have taken combined tau reconstruction
and identification efficiency as 0.55 [83] with a Medium working point. The asymmetry
ASMM2Cons corresponds to the SM tau pair events produced from the Higgs boson with σSM
is its production cross section which is 55.22 pb [84] for gluon fusion at the 14 TeV LHC.
In fig. 4 the asymmetry for XM2Cons is displayed in solid black line. The blue and the gray
band correspond to the 1σ and the 2σ statistical uncertainty for the 14 TeV LHC at 300
fb−1 of integrated luminosity for the left panel while for the right panel the uncertainties
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Figure 4. Asymmetry for the quantity XM2Cons is represented by the black solid line. The blue and
the gray band correspond to the 1σ and the 2σ uncertainty at the 300 (left panel) and 3000 fb−1 (right
panel) integrated luminosity at 14 TeV LHC. In order to achieve a reliable estimate of the sensitivity
for the CP phase, we have included the realistic tau reconstruction and identification efficiency in the
uncertainty calculation.
are displayed for 3000 fb−1 of integrated luminosity. Using the lab frame kinematic variable
XM2Cons we can constrain the CP phase θτ upto 17
◦ (7◦) with 300 (3000) fb−1 of integrated
luminosity at 14 LHC.
5 Summary and Conclusion
After the discovery of the Higgs boson at the LHC measurement of its properties is of supreme
importance not only to confirm that it is indeed the SM Higgs boson but also it is an ideal
window to search for new physics beyond the SM. Although the current measurement of the
properties like the spin, parity, and couplings of the Higgs boson at the LHC indicate that it
is the one predicted by the SM but there is enough room to allow for a CP-odd component in
the tau Yukawa coupling. Hence, measuring the CP mixing angle of the tau lepton Yukawa
coupling is extremely important. In this article, we propose to utilize the transverse mass
variable MT2 and its successor M2Cons for constraining the CP admixture of tau Yukawa
coupling. Specifically, we advocate theuse of M2Cons because of its advantages that it is both
longitudinal and transverse boost invariant which makes it sensitive to the CP phase in the
lab frame at the LHC. The CP mixing angle of the tau lepton Yukawa coupling using M2Cons
can be constrained up to 17◦ (7◦) with 300 (3000) fb−1 of integrated luminosity at the 14
LHC.
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